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Separation of the enantiomers of chiral carboxylic acids presents still a problem, which frequently can only be solved by fractionated crystallization of diastereomeric salts obtained with chiral bases. Although some progress has been made in the optical resolution of chiral acids by preferential crystallization1-2, by enzymatic m ethods3' 4 or even more so by use of chiral chromatography phases5-6 these methods are so far rather limited in scope. More generally applicable procedures, like the formation of diastereomers and their separation by modern chromatographic technics are therefore still of importance. One of these methods is the amidation of racemic acids with commercially available chiral amines like L-phenylalanine ester, a-methylbenzylamine or phenylglycine ester and subsequent chromatographic separation of the diastereomeric amides. In certain cases this even permits the deduction of optical configurations7. In spite of the obvious advantages of this resolution method, only very few preparative examples have been documented in the literature8, mainly due to the lack of appropriate procedures, which cleave the separated amides w ithout racem ization8. Our R eq u ests for reprints should be sen t to Dr. F . P. investigations on the stereospecific hydrogenation of unsaturated acids by microorganisms9'10 required the synthesis of both enantiomers of [2-3H]2-methylbutanoic acid. Since the procedure for optical resolution of this acid11 did not appear suitable for the synthesis of the tritiated derivatives in terms of yield and effort resolution via diastereomeric amides offered a reasonable alternative provided high yield and mild cleavage conditions could be found. The second prerequisit, the chromatographic separation of diastereomeric amides on a preparative scale, can generally be achieved by HPLC.
Preliminary amide hydrolysis experiments had shown, however, that under standard conditions (4 NHC1, reflux) [2-3H]2-methylbutyrphenylalanine lost 30% of its tritium in 4 h with hydrolysis far from being complete. Enzym atic hydrolysis with common peptidases (subtilisin novo EC 3.4.4.16: carboxypeptidase A EC 3.4.2.1) could not be achieved and hog renal acylase (EC 3.5.1.14) which is frequently used in analogue cases3 displays substrate specificity for acylated aliphatic amino acids only and would not attack acylphenylalanine derivatives. Therefore a mild chemical cleavage reaction was necessary for the optical resolution. H u i s g e n 's studies12-13 on nitrosamides and their thermal or alkaline decomposition led us to suspect amide cleavage via nitrosamides to meet the requirements as to mildness and applicability. We were particularly interested in the extent of racemization of chiral centers adjacent to a carboxyl function and in the configurational and positional stability of A 2 or A 3 double bonds under the cleavage conditions.
Results and Discussion
Nitrosamides can be split b}r two different reaction pathways (S chem el): Thermal cleavage is based on the rearrangem ent of the nitrosamide (2) to the diazoester (3), which decomposes to a close ion pair 4. Depending on R ' the ion pair may decay either by nitrogen extrusion to the ester 7 or undergo proton tautom erisation to give the acid 5 and the diazo compound 6 (route II and I in Scheme 1). The product ratio of 5 to 7 can expected to be highest if R ' stabilizes the diazo group, because the rate of nitrogen elimination would be lowered and therefore reaction II disfavoured. Thus therm al decomposition of N-nitroso derivatives of acylphenylalanines (2a-2f) or acylphenylglycines, in which an adjacent ester function can stabilize the diazo group, should give better yields of acid 5 than the corresponding phenethylamine derivatives (2g-2m).
As an alternative cleavage reaction we used alkaline methanolysis, which yields the correspond ing m ethyl esters (9) . Catalytic quantities of methanolate were sufficient to solvolyze nitrosophenethylamides (2g-2m), because the decompo sition of the primarily formed unstabilized diazotates regenerates the initially used methanolate. In contrast equimolar quantities alkali were necessary for cleavage of compounds 2 a-2 f due to stabilization of their diazo groups.
The third possibility of nitrosamide cleavage -acid hydrolysis -was not studied, because regardless of R ' deamidation is always accompanied by denitrosation14 and thus low yields of acids 5 can be anticipated.
The amides l a -l k were prepared by standard procedures of the S c h o t t e n -B a u m a n n reaction or -for the more sensitive ones -the DCC-N-hydroxysuccinimide coupling15 (cf. Experim ental). According to our experiences nitrosation was best achieved by treating the amides with an excess of nitrosating agent, prepared by reaction of NOC1 with anhydrous potassium acetate in ether at 0 °C. These conditions gave comparable results in yield and purity of product as dinitrogentetroxide, which has been recommended by W h i t e 16. The results of the amide cleavage sequence are summarized in Table I .
Neither therm al nor alkaline cleavage conditions shift a double bond of an aliphatic acid from the /Imposition into conjugation with the carboxyl function (expts. 1, 2). In contrast to the excellent yields of reisolated acid in experiments I and 2, the yields of the structurally related zJ3-4-phenylbutenoic acid are only moderate (expts. 3-7). Thermal decomposition of the isolated and purified nitrosamide (2 b), however, yielded Zl3-4-phenylbutenoic acid quantitatively (expt. 5). Obviously not cleavage but nitrosation was the yield limiting step of the overall reaction. Apparently the reagent attacked the amide nitrogen as well as the particu larly activated methylene group and was thus responsible for considerable resinification. The small yield of the thermal decomposition of compound 1 h (expt. 7) reflects the preferential formation of ester 7h. For investigation of the question, whether Zdouble bonds retain their configuration under deamidation conditions, the particularly easily isomerizable Z-cinnamic acid derivatives were sub jected to the cleavage reactions. Thermal as well as alkaline decomposition gave high yields of Zcinnamic acid and less than 4% isomerization to the E-isomer (expts. 8-11).
For estimation of racemization of a-branched carboxylic acids the exchange of tritium from the a-position of 2-methylbutanoic acid was to be measured. The required [2-3H]2-methylbutanoic amides (Id) and (lk ) were obtained by the following sequence (Scheme 2). The specific radioactivity of Id was estimated after careful chromatographic purification and destination. The (2R)[2-3H]2-methylbutanoic acid as well as the (2S) enantiomer obtained after nitrosation, therm al deamidation, chromatography on silicic acid 19 and steam distillation showed the identical specific radioactivity (expt. error ^4 % ) (expt. 12). Thermal decomposition of l k gave only 55% 2-methylbutanoic acid due to the ester forma tion already mentioned and the yield could not be increased by prolonged refiuxing, which had been successful in analogous cases17. Since no racemization could be detected on deamidation of Id, the diastereomeric amides 1 d were separated by preparative TLC and subjected to the amide cleav ing sequence. After chromatographic purification 0.6 mMol each of the enantiomeric [ (12), because of its high racemization sensitivity due to the special activation of the a-position. In addition E,Z iso merization and double bond migration could be tested likewise, which made 12 a valuable touchstone for our method. The R(-) enantiomer of this acid is one hydrogenation product of racemic 2-ethyl-4-phenylallencarboxylic acid18 (10) with hydrogen gas and Clostridium k lu yveri10, the other being the acid 11 with the same configuration a t carbon-2 but with the alternative E-geometry of the double bond. 12 may be separated cleanly from the accompanying E-isomer by HPLC. Presumably based on a chiral torsion of its ?r-system 12 possesses the extra ordinarily high specific rotation of [a]350 = -2500°.
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H2 /C . kluyveri N itrosation and therm al decomposition of the phenylalanine derivative (le) (expt. 14) gave 74% isolated yield of 12, which contained only 4% of the corresponding S( + )-antipode. Double bond iso merization am ounted to only 2.3%. Surprisingly alkali cleavage could be performed under conditions mild enough to yield even better results with phenethylamide (11). The isolated methyl ester (15) showed the identical specific rotation as a material obtained by action of diazomethane on acid (12) . Alkaline cleavage under these conditions (-30 °C, 3 min) is not only free of racemization, but also Z -E double bond isomerization is not detectable ( < 1 % ) . Racemic methyl-3-(p-chlorophemrl)-2-chloropropionate (Bidisin®) is commercially used as a selective herbicide against wild oats, but apparently only the (-)-enantiomer is biologically active 21. Since the corresponding optically pure acid cannot be obtained by crystallization of diaste reomeric salts21 this problem provided a challenge to our resolution method. This compound was also of interest to see, whether relatively acidic chiral carbon acids can survive the cleavage conditions without racemization. Amidation of 3-(p-chlorophenyl)-2-chloropropionate with L-phenylalanine or methylbenzylamine by standard m ethods15 yielded the pairs of diastereomers (If) and (1 m). Whereas 1 f displayed poor separation characteristics but yielded 85% of the acid on therm al decomposition (expt. 16), 1 m was separated cleanly on a preparative scale by HPLC. Alkaline decomposition of the faster moving diastereomer of lm gave the desired (-)-methyl-3-(p-chlorophenyl)-2-chloropropionate in 81% yield (expt. 17). Biological experiments with this material are in progress.
The reactions described above consequently are gentle procedures for cleavage of secondary carbo xylic amides, which proceed without racemization, give good yields of acids or methyl esters, respec tively, and do not isomerize double bonds. Together with the efficient chromatographic separation of diastereomeric amides this method combines to a rather useful procedure for optical resolution of chiral acids. Although chirality of the amine moiety is lost during reaction, the enantiomerically pure amines are sufficiently inexpensive not to inhibit broad application. We consider this procedure superior to the time consuming and high-loss optical resolution of chiral acids via crystallization of diastereomeric salts.
Experimental
M aterials and methods
All chemicals used were reagent grade. The solvents were carefully dried and distilled. NMR spectra were recorded on a Varian T-60 instrum ent, with TMS as internal standard. ORD measurements were performed on a J-5 spectropolarimeter of Japan Spectroscopic Co. For radioactivity measure ment a Betascint 5000 liquid scintillation counter was used. Aqueous samples were counted in a scintillator cocktail consisting of /9-phenethylam ine: m ethanol: toluene (18:25:57 vol), which con tained 5.0 g 2,5-diphenyloxazol and 500 mg 1,4-bis-[2-(4-methyl-5-phenyloxazolyl)] benzene per liter. Q uantitative GC-analysis was achieved by internal standardization on a F-20 model (Perkin Elmer) equipped with a 2 m 15% DEGS on Chromosorb W-AW-DMCS column and N2 carrier gas (FID). Peak areas were estimated by a Hewlett Packard 3352 electronic integrator.
Amides 1 a, b, d, g, h, k were prepared by reaction of the amines with the acid chloride in pyridine solution. All others were made by condensation of the acids with the amines in acetonitrile under the aid of dicyclohexylcarbodiimide and N-hydroxysuccinimide15.
Chromatographic procedures
HPLC was performed either on a HewlettPackard UFC 1010 B model or on a W aters 6000 A pump equipped with a U 6K injector. The pre parative separation of the diastereomeric pair (lm) was achieved according to the parameters given in Table II . All separations on an analytical column (4 x 1000 mm) with a resolution > 1 .2 can be done on a preparative scale, too.
General procedure for nitrosation of am ides 1 a-k All operations were conducted in the cold room with prechilled reagents. A solution of 0.5 mMol amide in 2 ml diethylether of 0 °C was added under magneting stirring to a prereacted m ixture (30 min, 0 °C) of 1.5 mMol NOC120 (300 Mol%) and 2 mMol powdered anhydrous potassium acetate in 2 ml ether. After 25 min at 0 °C the nitrosation was stopped by addition of 2 mMol urea and the ethereal suspension transferred to a 15 ml centrifugetube. Shaking the yellow suspension with 2 M bicarbonate solution (2 ml), separation of layers by centrifuga tion, washing the ethereal phase with saturated NaCl- Table II solution was followed by drying with MgSC>4 and evaporation of the solvent in vacuo. The residue was subjected directly to one of the decomposition conditions. The workup should be completed within 10-15 min to keep spontaneous decomposition of sensitive nitrosamides a t minimum.
Therm al decom position of nitrosam ides 2a-f
The residue obtained from nitrosation of the amides 1 a-f was dissolved and heated under reflux for the periods stated in Table I . Generally, the reac tion was monitored by TLC (hexane/ether 1:1 vol) by disappearance of the nitrosamide spot and appearance of diazoester (6) . After completion of the decomposition the chilled intensely yellow solution was extracted with icecold 1 M sodium carbonate solution (5 X 1ml) (emulsions were broken by centrifugation). Washing of the aqueous phase with benzene (2x3 ml) and subsequent cautious acidification (4 N H2SO4) resulted in precipitation of the acid 5, which was dissolved in ether. Washing the etherphase with water (2x2 ml), drying (MgS0 4 ) and evaporation of the solvent gave crude material, which was either further purified or directly sub jected to quantitative GC-or HPLC-analysis.
Decom position of nitrosam ides (2g-m) by stoichio metric quantities of alkali
The nitrosamide obtained from the nitrosation of 0.5 mMol amide was dissolved in 1 ml methanol and chilled to -30 °C. This solution was added drop wise over 1 min to 1.2 ml of a 0.5 M NaOCH3-solution at -30 °C. The m ixture immediately turned brownishyellow and nitrogen evolution started. After another 2 min, 2 ml CCI4 and 10 ml water were added and the layers separated. The aqueous layer was extracted with CCI4 (2x1 ml) and the combined organic phases were washed with water (3 X 4 ml), dried (MgS0 4 ) and subjected to quantitative GCanalysis. (14) E thyl methyl malonic acid (730 mg, 5 mMol) was dissolved in 2 ml H 20/3H 0 H containing 1 Ci 3H and the solution kept a t 20 °C for 30 min. Lyophilisation of the m ixture gave a residue, which was mixed with 70 [A pyridine and subsequently heated to 170-180 °C for 50 min under a stream of nitrogen. After cooling the residue was treated with 310 mg
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